It has been hypothesized that the biochemical process of advanced glycation plays an important part in the pathogenesis of diabetic vascular complications [1] and particularly in diabetic nephropathy [2] . This hypothesis was based primarily on the renoprotective effects observed with aminoguanidine (AG), an inhibitor of advanced glycation end-product formation (AGE) [3] . Aminoguanidine, however, has other actions including inhibiting nitric oxide synthase, and thus, nitric oxide production [4] . Nitric oxide has direct effects on renal haemodynamics in diabetes [5, 6] and therefore it has been difficult to ascertain if the benefits of aminoguanidine relate primarily to inhibiting renal AGE accumulation.
treatment after the development of nephropathy confers renoprotection [7] . Hence, in addition to rats treated throughout the course of diabetes, we observed a group which was treated with ALT-946 after 16 weeks of experimental diabetes. This study aims to show the efficacy of using ALT-946 in the prospective treatment of experimental diabetes and to find its potential as a late therapeutic intervention in known cases of diabetic nephropathy.
Materials and methods
In vitro assay. The ability of ALT-946 to inhibit AGE-derived protein cross-linking was compared with AG using a sandwich enzyme immunoassay. A preparation of AGE-BSA by in vitro glycation of BSA with glucose, was incubated in either the presence or absence of the test compounds on rat tail tendon collagen (TTC) coated microtitre plates (Biocoat plates purchased from Collaborative Biomedical Products, Bedford, Mass., USA). Formation of the collagen-AGE-BSA complex (TTC-AGE-BSA) was measured using rabbit-anti-BSA antibody, horseradish peroxidase-linked goat-anti rabbit IgG antibody and H 2 O 2 substrate containing ABTS chromogen [8] . The optical density (OD) was measured on a Dynatech ELI-SA-plate reader with the sample wavelength of 410 nm and the reference wavelength of 630 nm. Inhibition of cross-linking was expressed as the percentage decrease in OD when AGE-BSA was incubated with TTC in the presence of ALT-946 or AG compared with the control rats treated with AGE-BSA alone. The IC 50 values, defined as the concentration (mmol/l) required for 50 % inhibition of TTC-AGE-BSA cross-linking, were calculated using Graphpad Inplot software, 1992 (Graphpad Software, William J. Nicklas, UMDNJ).
In vivo efficacy. We evaluated the ability of ALT-946 to inhibit AGE-derived protein cross-links that are formed in vivo during diabetes by using streptozotocin diabetic rats. Male Lewis rats weighing about 200 g (obtained from Charles River Company, Wilmington, Mass., USA) were used for this study. Rats were given i. v. injection of streptozotocin (65 mg/kg in citrate buffer pH 4.5). One week following the induction of diabetes, we tested blood glucose values and we only used rats with blood glucose of 15 mmol/l, or more. The rats were given various daily doses of ALT-946 and AG, by oral gavage. Control rats were given only vehicle.
The in vivo efficacies of ALT-946 and AG were assessed by the decrease in IgG cross-linking to red blood cell membrane proteins (RBC-IgG assay) compared with the vehicle control [9] .
Protocol. This study was carried out over 32 weeks because this duration of diabetes is associated with accumulation of AGE in the kidney and renal disease as assessed by functional and structural parameters [3] . Male Sprague Dawley rats weighing 200 to 250 g were randomly allocated into control groups or diabetic groups. The rats were rendered diabetic by intravenous injection of the beta-cell toxin streptozotocin at a dose of 55 mg/kg body weight after an overnight fast. Only rats with blood glucose concentrations of 20 mmol/l or more, with one week post-induction of diabetes, were included in the study. Diabetic rats were then further randomised to receive either AG hydrogen carbonate (Fluka Chemica, Buchs, Switzerland) at 1 g/l in drinking water [3] or the inhibitor of AGE formation, ALT-946 (Alteon, Ramsay, N. J., USA), at a dose of 1 g/l in drinking water. An additional group received the same dose of ALT-946 beginning at 16 weeks of diabetes and continuing for the remaining 16 weeks of the study (ALT-946INT). Survival rates were improved in diabetic animals during the study period by daily treatment with 4 U of Ultratard insulin.
Throughout the study all rats were given free access to food and water (GR2 rat cubes, Clark King and Co., Melbourne, Australia). Diabetic rats received 2 U of ultralente insulin (Ultratard HM, Novo Industries, Bagsvaerd, Denmark) every 2 days to maintain body weight and improve survival over the study period. Rats were caged in groups of three. For collection of 24 h urine specimens, rats were weighed and placed in metabolic cages (Iffa Credo, L'Abresele, France) at 8 weekly intervals. Urinary albumin was measured by radioimmunoassay as described previously and expressed as mg/24 hours (AER) [7] . The interassay coefficient of variation was 6.5 % (n = 48), at a concentration of 180 ng/ml and the detection limit of the assay was 31.2 ng/ml. Blood was collected concurrently from the tail vein for measurement of plasma glucose by the glucose oxidase technique [10] and for measurement of glycated haemoglobin by high performance liquid chromatography (Biorad, Richmond, Calif., USA) [11] . Blood pressure was also measured every 8 weeks by tail cuff plethysmography [12] . Glomerular filtration rate (GFR) was measured by a single injection of 99 Tc-DTPA at week 32 [11] . At week 32, rats were anaesthetized with pentobarbital sodium (Nembutal, Bomac, Asquith, Australia) and the kidneys were removed for subsequent immunohistochemistry. Formalin-fixed, paraffin embedded sections (4mm) of kidney were rehydrated and treated with 1 % H 2 O 2 /methanol followed by incubation in Protein Blocking Agent (Lipshaw-Immunon, Pittsburgh, Pa., USA) for 20 min at room temperature. Sections were then sequentially incubated with an anti-AGE antibody (described below) for 30 min at room temperature, washed in phosphate buffered saline (PBS) and incubated with biotinylated goat anti-rabbit immunoglobulin (Dako, Carpinteria, Calif., USA). This was followed by another PBS wash and incubation with peroxidase conjugated streptavidin (Dako, Carpinteria). Peroxidase localisation was shown using diaminobenzidine tetrahydrochloride (DAB) as the chromogen. The AGE antibody used in this protocol has been described in detail [13] . In brief, this antibody detects advanced glycated proteins including advanced glycated BSA and RNase. Studies on the characterisation of the epitope of this antibody indicate that it detects carboxymethyllysine (CML) containing proteins but does not detect native BSA, native RNase or the AGE, pentosidine [14] .
All animal procedures were carried out in accordance with the ethics protocols determined by the National Health and Medical Research Council of Australia.
Statistics. Logarithmic transformation of urinary albumin data was performed to yield a normal distribution for this parameter. The specific contributions of diabetes, time and the various drug regimens and possible interactions were assessed by analysis of variance using the Statview II Program (Brainpower, Calabasas, Calif., USA) on a Macintosh G3 personal computer (Apple, Cupertino Calif., USA). Comparisons among groups at specific time points were done by Fisher's least significant difference method. A p value of less than 0.05 was considered statistically significant. All data are shown as means standard error of the mean (SEM) unless otherwise specified. In vivo efficacy. In vivo efficacy studies indicated that ALT-946 was a more effective inhibitor of AGE-protein cross-linking than AG. Figure 2 shows the RBCIgG levels in normal and diabetic rats and in diabetic rats after 8 weeks of daily dosing with ALT-946 or AG. The amount of IgG cross-linked to RBC was five times higher in diabetic rats compared with normal rats. Dosing with 0.03 mg/kg ALT-946 completely normalized the RBC-IgG levels in diabetic rats, whereas achieving a similar effect with AG required doses in excess of 10 mg/kg. These results indicate that in vivo ALT-946 was considerably more potent than AG for inhibition of AGE-derived protein cross-linking (Fig. 2, p < 0.05) .
Kidney AGEs and AER. Diabetic rats had significantly elevated plasma glucose concentrations and HbA 1 c values compared with control rats (Table 1) . Diabetes was also associated with reduced weight gain throughout the study period. Treatment of diabetic rats with either AG or ALT-946 did not significantly affect glycaemic control or body weight. Diabetic rats had modest although significant (p < 0.01) increases in mean blood pressure when compared with control rats at weeks 8 to 32 (Table 1) . Systolic blood pressure among diabetic animals was not affected by any treatment. At week 32, the GFR of diabetic rats was significantly increased compared with control rats (p < 0.05, Table 1 ). Treatment with either AG or ALT-946 given for 32 weeks or as a delayed intervention from weeks 16 to 32, attenuated the increase in GFR in diabetic rats. Throughout the study, urinary albumin excretion in diabetic animals was increased when compared with control rats (Fig. 3) . Before the 16-week period there was no significant effect on albuminuria by AG or any other therapy. By 32 weeks, ALT-946 had prevented the development of diabetes-associated albuminuria. In addition, delayed intervention with ALT-946 retarded the development of albuminuria at week 32. Aminoguanidine therapy also retarded the increase in urinary albumin excretion observed at 32 weeks.
Immunohistochemistry for AGE in rat glomeruli from the four study groups is shown in Figures 4 and  5 . There was widespread staining for AGE in the kidney including glomeruli as well as in distal tubules and collecting ducts and to a lesser extent in proximal tubules. Diabetes was associated with increased intensity of staining, most readily detected within glomeruli (Figs. 4, 5) . Treatment of diabetic rats with AG or ALT-946 prevented increases in glomerular staining for AGE observed in the diabetic animals (Figs.  4, 5, p < 0.01) . The intensity of staining was reduced to a similar degree to that observed in control rats (Fig. 4) . Furthermore, delayed intervention with ALT-946 was also associated with reduced glomerular AGE staining (Figs. 4, 5) .
Discussion
We have shown that renal AGE accumulation observed in diabetes, can be prevented by the novel inhibitor of AGE formation, ALT-946. The ALT-946 inhibitor prevented, not only glomerular AGE accumulation but also the development of albuminuria. In vitro studies have indicated that this compound is a potent inhibitor of AGE accumulation equal to AG, with little inhibitory effect on inducible nitric oxide synthase. Furthermore, in vivo studies showed that this compound was even more potent than AG in preventing AGE-protein cross-linking.
The importance of inhibiting AGE accumulation has recently been shown using other inhibitors of advanced glycation. In one study on spontaneous diabetes, a thiazolidine derivative (OPB 9195) with the additional inhibition of AGE formation prevented renal structural injury [15] and reduced cytokine expression [16] in the OLETF rat. We have recently observed an association between vascular AGE accumulation and mesenteric vascular hypertrophy using the AGE inhibitor, 2, 3 DAP [17] . Unfortunately, that compound has failed preclinical toxicity studies and therefore other compounds need to be investigated. Other studies have led to the development of novel classes of potent, specific inhibitors of AGE formation [8, 18] . The ALT-946 inhibitor is derived from that pharmaceutical programme and has been shown by this in vivo study to be a potent inhibitor of renal AGE accumulation.
We have shown in a previous study that renal AGE accumulation is a dynamic process that can be reversed by delayed intervention with aminoguanidine [19] . A similar finding was observed in this study, with delayed treatment with ALT-946 leading to reduced glomerular AGE accumulation. There was no difference observed between delayed intervention with ALT946 and continuous treatment throughout the duration of diabetes. The effects on glomerular AGE accumulation were associated with prevention of albuminuria and are consistent with previous studies suggesting that inhibitors of AGE formation confer renoprotective effects, as assessed at the functional and structural level. We have previously documented the prevention of mesangial expansion with aminoguanidine [3, 7] . It would be of interest to determine if similar renoprotective effects at the ultrastructural level are also observed with ALT-946. The decreases in GFR observed in diabetic groups treated with ALT-946 and AG, suggest that AGEs contribute to diabetic hyperfiltration, the pathogenesis of which has not been fully elucidated [20] . It is not likely that the effects of these agents on GFR can be explained by differences in glycaemic control because none of the treatments influenced plasma glucose, body weight or glycated haemoglobin. Other investigators have reported that early glycation products induce glomerular hyperfiltration [21] but it was difficult to determine how accurately early AGEs had been separated from late AGEs in this study. This indicates that direct effects of AGEs on glomerular filtration cannot be excluded.
Possibly, ALT-946 is also relevant not only to renal disease, but to other vascular complications observed in diabetes. Aminoguanidine has been shown to have retinoprotective [22] and vasoprotective effects [23] . A role for ALT-946 in vasculopathy, however, remains to be shown. Evidence provided by other inhibitors of AGE such as 2, 3 DAP, without significant inhibitory activity agent nitric oxide synthase, have been reported to attenuate diabetes associated vascular hypertrophy [17] , a phenomenon which seems to be partly AGE dependent [23] . Therefore, the effectiveness of ALT-946 in vasculopathy should be investigated further.
We have shown that prevention of AGE formation by ALT-946 without inhibition of nitric oxide synthase reproduces the protective effects of AG. Other agents which inhibit nitric oxide synthase without effects on AGE formation such as L-NAME and methylguanidine have failed to confer similar renal protection observed with AG [13] . It is therefore not likely that the nitric oxide inhibitory action of the AG is mediating the renoprotective effect of this agent.
This study provides preliminary evidence suggesting that agents such as ALT-946 have a role in the treatment of diabetic nephropathy and possibly diabetic vascular complications. The ALT-946 inhibitor is a more potent and selective inhibitor of AGE formation, with less toxicity than AG. 
